Fiber reinforced thermoplastic composites has poorer matrix resin impregnation to fiber reinforcements, because of extreme high viscosity of molten thermoplastics. Fabrication method of intermediate materials using micro-braiding technique has been developed to overcome these difficulties. In this study, resin impregnation behavior in textile composites fabricated by micro-braiding technique was investigated. In order to predict the impregnation behavior, a simple model was proposed based on the Darcy's law and the continuity equation. Textiles composite plates were fabricated under various fabrication conditions using micro-braided yarn and the resin impregnation behavior in fiber yarn was investigated experimentally. The impregnation in single-ply textile composites is improved compared with that of multi-ply composites because single-ply composites have flatter fiber yarns which result in shorter impregnation distance. The numerical predictions calculated by boundary element method are in good agreement with the experimental results. This result suggests the effectiveness of the analysis proposed.
Introduction
Fiber reinforced plastics (FRP) are superior in processability, specific strength and fatigue life. Therefore, they have been used in the various applications, such as aerospace, automobile, marine, construction etc. Currently, thermoplastics are expected as the candidate matrix material for FRP, because of their higher toughness and impact resistance than those of thermosets. In addition, thermoplastics require reduced process time. Moreover, prepregs as intermediate materials for themoset FRP, whose resins are at B-stage states, should be stored in cold dark place and properties of them degrade with stored period. Storage of intermediate materials of FRP with thermoplastics is easier and semi-permanent, because polymerization has finished yet. Thermoplastic FRP is also superior in recyclability, because matrix is molten by heating and is separated from FRP.
Although thermoplastics have many merits as mentioned above, viscosity of molten plastics is much higher, which results in lower impregnation in fiber yarn, especially in continuous fiber yarn. For processing of continuous fiber reinforced composites, it is important to impregnate matrix to reinforcement yarn completely and uniformly, because of lower mechanical properties of the composite including un-impregnated region. As for processing of thermoplastic-based continuous fiber reinforced composites, we have focused on the micro-braiding technique as fabrication of an intermediate material (Kobayashi et al., 2012a , 2012b , Kobayashi and Tanaka, 2012 , Kobayashi and Takada, 2013 . In this method, matrix fiber yarns are braided around reinforcing fiber yarns with a traditional braiding technique and a micro-braided yarn (MBY) as an intermediate material is obtained. In a MBY, the reinforcing fiber yarn contact with matrix fiber yarns evenly distributed and higher impregnation is expected. Since MBYs can be treated as fiber yarns, MBYs can be weaved to textile fabrics, easily. As the investigations using micro-braiding method, processing of natural fiber reinforced poly(lactic acid) composites (Khondker et al., 2006) and carbon fiber reinforced engineering plastics, such as polyamide or poly(ether ether ketone) (PEEK) (Sakaguchi et al. 2000 , Fujihara et al., 2003 , 2004 , Huang, 2004 , Lebel and Nakai, 2012 , were investigated. Resin impregnation behavior for carbon/PEEK was also investigated by Fujihara et al (Fujihara et al. 2003) . They measured void contents, which are related with impregnation, as a function of molding conditions. Huang experimentally characterized resin impregnation for glass fiber reinforced polypropylene as a function of molding time, pressure and temperature (Huang 2004) . These investigations consist of experimental studies on unidirectional composites and less investigation treat an analytical investigation on impregnation of textile thermoplastic composites, which is more suitable for practical use.
Most analytical investigations on impregnation behavior to fiber yarn were conducted on thermosets. Some researchers investigated flow behavior of thermoset resin during RTM process (Zhou et al., 2006 , Takano et al., 2002 , Simacek and Advani, 1996 , Frishfelds et al., 2003 . Zhou et al. assumed the cross-section of fiber yarn as ellipsoidal shape and predicted permeability based on Darcy's law and geometrical alignment of fibers considering the flow in fiber yarn and between fibers. They also obtained the impregnation time to optimize processing time. For impregnation of thermoplastics, flow behaviors of resin with powder method (Steggall-Murphy et al., 2010 , Bourban et al. 2001 ) and commingled yarn method (Bourban et al., 2001 , Long et al., 2001 , Klinkmuller et al., 1995 , Wakeman et al., 1998 , Ye at al., 1995 have been predicted, analytically. For powder method, Steggakk-Murphy et al. modeled the impregnation as one dimensional flow based on Darcy's law (Steggall, 2010) . They analyzed void contents under various molding pressure and time and compared the analytical results with experimental results for glass fabric/polyethylene. Bourban et al. proposed the model where resin powder impregnates between fibers and predicted void contents based on molding pressure, resin viscosity, fiber radius, fiber volume fraction and geometrical alignment of fibers (Bourban et al., 2001) . They also reported that analytical results of void contents for carbon/poly(ether ether ketone) were in good agreement with experimental results. Ye et al. analyzed the resin impregnation by one-dimensional flow based on the Darcy's law and found that the void contents obtained in experiments and analyses were in good agreement (Ye et al., 1995) .
As mentioned, resin impregnation analyses were developed based on Darcy's law. Darcy's law consists of the terms of nominal flow velocity, pressure gradient, viscosity of resin and permeability. Among these terms, permeability is considered to depend on the shape of the resin flow path between fibers. Thus many works were conducted to obtain the permeability for unidirectional and/or textile structures (Simacek and Advani, 1996 , Frishfelds et al., 2003 , Papathanasiou, 2001 , Gebart, 1992 . Gebart geometrically modeled the permeability of unidirectional reinforcement both for flow along and for flow perpendicular to the fibers considering the fibers arrangement and diameter (Gebart, 1992) . Papathanasiou also analyzed the permeability of unidirectional reinforcement for flow between fibers using boundary element method (Papathanasiou, 2001 ) and Nabotavi et al. analyzed the permeability of textile fabric based on Papathanasiou's analysis (Nabotavi et al., 2010) . On the other hand, these analytical approaches are very complicated and investigations on impregnation behavior of thermoplastics to fiber yarn in a simple way were limited.
In the present study, we fabricated textile composite using micro-braiding technique. Effect of molding condition, such as temperature, pressure and time, on resin impregnation behavior during compression molding was investigated. Based on a theoretical analysis, resin impregnation behavior was predicted. And the analytical results were compared with experimental results to evaluate the effectiveness of the present analysis.
Experiments 2.1 Fabrication of preforms and processing of composites
Micro-braided yarn (MBY) was fabricated with a medium-class braider (Kokubun Limited Co.). As shown in Fig.  1 , a reinforcing fiber yarn was located at the center of the braider and matrix fiber yarns were braided around the reinforcing fiber yarn. In the present study, one carbon fiber yarn of TR50S-6L (6,000 filaments, 400 tex, Mitsubishi Rayon Co.) was used as a reinforcement. As the matrix, 4 yarns of polypropylene 760T120-20S (760 tex, MRC Pylene Co.) were selected. Plain woven fabrics were weaved with MBY on a handloom. The fabrics were cut into sheets of square, 75 mm (include 25 yarns) on a side.
For processing of composites, compression molding was conducted with a hot-press system (IMC-1837, Imoto Co.). Fabric sheets were put on the mold preheated at 170ºC. Then the mold was put on the platen of a hot press © 2014 The Japan Society of Mechanical Engineers [DOI: 10.1299/mej.2014smm0031] system, which was heated up to molding temperature. Composite plates were fabricated under different mold conditions as shown in Table 1 . In the present study, molding pressure, temperature and time were defined as the pressure on the molded pieces, the temperature of the heating platens and the duration where pressure and temperature were kept, respectively. After keeping the molding pressure and the temperature for a given molding time, pressure was released and the mold die was cooled by a water flow in the cooling pipes through the heating platens to less than 50 ºC. For molding time of 0 min. in Table 1 , pressure was released immediately once reaching the molding pressure. 
Cross-sectional observation
In order to measure the impregnation ratio, cross-sectional observations were conducted at the center of the specimens molded at each condition. After the molded pieces were embedded in epoxy resin and resin was cured, the cross-section was polished using #180~2000 emery papers and was finished by buffing with alumina slurry (0.3m, Maruto Co.). Then, polished surface was observed using a video microscope. Digital images obtained were converted to bitmap files. Impregnation ratio was calculated as the ratio of the number of pixels in impregnation region to that of yarn region, including cross-sectional area of fibers.
Method of analysis 3.1 Prediction of resin impregnation
We derive impregnation time based on Darcy's law for an incompressible fluid through a porous medium. The cross-sectional shape of fiber yarn for textile composites was assumed as an ellipse. Therefore, a coordinate system as shown in Fig. 2 is assumed for resin impregnation to a micro-braided yarn.
For the phenomenon of an incompressible fluid flow through a porous medium in x and y directions, following equations are obtained according to Darcy's law.
And an equation of continuity can be written as,
where, μ, P, k, ux and uy are viscosity of fluid, pressure, permeability and the Darcy's velocity of fluid in the x and y-direction, respectively For the elliptic model of a fiber yarn including un-impregnated area as shown in 
From Eqs. (1) and (2) For a quarter ellipsoidal model shown in Fig. 3 , resin pressure at the exterior boundary of fiber yarn and at the boundary between impregnated and un-impregnated region, which corresponds to the flow front, are equal to molding pressure and atmosphere pressure respectively. In addition, pressure gradient at x and y on boundary on y and x axis are 0 because of the symmetry. Under these boundary conditions, we solve Eq (7) for pressure distribution P. In the present study, pressure distribution is computed with a direct boundary element method (Katsikadelis, 2002) . Elementary solution of boundary element method is expressed as
where point p is arbitrary point in the model (not on the boundary of the model), q is arbitrary point on the smooth boundary Г and nq is normal unit vector at point q. Eq. (8) is discretized based on boundary element method for calculation. In this study, we adopt linear constant element where P is assumed as constant.
Boundary Г is separated into N parts, and from Eq.(8) ith element is expressed as
where pi is any point on ith element on boundary Г.
Here P and
is constant in each element. Thus, Eq. (9) is rewritten as
where ij is Kronecker's delta and it's defined as 
where [H] and [G] is N-square matrix and {P}，{Pn} is N-vector. If the boundary Г consists of Г1 and Г2, Г1 separated into N1 parts in which pressure P is known and Г2 separated into N2 parts in which pressure gradient Pn is known (N1+N2 = N), Eq. (14) is rewritten to
where {P}1 and {Pn}2 are given value, and {P}2 and {Pn}1 are unknown value. Calculation of Eq. (15) and transposition of unknown terms yields following equation
where
P and Pn can be calculated by solving Eq. (16). Therefore from Eq. (8), pressure P at any point p can calculate. Hence, from Eq. (4), degree of impregnation at any time can be computed by calculating pressure gradient from pressure distribution and substituted Eqs. (5) and (6).
For the flow through a fiber yarn arranged hexagonal, permeability perpendicular to fiber axis is estimated by Gebart [14] , and is given as Figs. 4-6 show cross-sectional microphotographs of plain weave textile composites with 1, 2 and 4 plies. Fiber yarn shapes were elliptical. Weaving density of textile fabrics in the present study was 0.33 mm-1, whereas the diameter of MBY is 0.9 mm. Thus, gaps between adjacent yarns are enough for yarns to flatten during molding. Furthermore, fiber yarn of 1ply textile composites are flatter than that of 2 or 4 plies textile composites, because 2 and 4 plies textiles composites experience a nesting effect which prevents fiber yarn deformation. Ellipticities for each composite, which defined as main axis length divided by minor axis length from micrographs, are shown in Table 2 . From the experiments, it is clarified that ellipticities do not depend on molding temperature, pressure and time. Hence it seems that fiber collapse of a yarn occurred before matrix resin melted.
Figs. 7-10 show degree of impregnation for textile composites fabricated under various conditions. Figs. 7 and 8 show degree of impregnation for composites molded at 200ºC and 220ºC respectively. Impregnation for 1 ply textile composites was improved comparing with that of 2 and 4 plies composites, because 1ply composites have flatter fiber yarn shape which result in shorter resin impregnation distance. For textile composites molded at molding temperature 200ºC, resin impregnation increased with molding pressure, whereas little differences in impregnation were observed on the composites molded at 220ºC. At 220ºC, viscosity of molten resin becomes lower and associated resin impregnation is improved under molding pressure, which results in less effect of molding pressure on impregnation.
Figs. 9 and 10 show resin impregnation for textile composites under molding pressure 8 MPa and 12 MPa respectively. Resin impregnation was improved with molding temperature under molding condition 8MPa. On the other hand, impregnation is almost the same for 1 and 2 plies composites under molding pressure 12MPa. This is due to improved impregnation with molding pressure and shorter impregnation distance which reduced the effect of temperature on impregnation. 
Analytical results for impregnation
Next, we conducted boundary element analyses to predict resin pressure distributions and resin impregnations. In the calculation, the boundary of impregnated region shown in Fig. 3 was divided into 30 parts on straight boundary and 50 parts on curved boundary. The parameters used in the present study are shown in Table 3 . The values in Table 2 were used as the ellipticities. Viscosities in Table 3 are the fitted values to the experimental data for molding pressure 8MPa. These values are used for predictions for molding pressure 12MPa The calculations were conducted every 2 seconds up to the complete impregnation. Figure 11 show the pressure distributions under molding condition of 200°C and 8MPa. The central regions where the pressure is 0 are un-impregnation regions. Resin pressure distributes uniformly from the central region to the outer boundary. Figure 12 shows the pressure distribution on x and y axes. On the x axis, pressure distribution is concave down and pressure gradient at the flow front is almost constant regardless of time, whereas resin pressure distribute almost linearly on the y axis and pressure gradient at the flow front becomes lower with impregnation. From Fig. 11 , the impregnation is faster on x-axis than on y-axis, however the impregnation is completed by the arrival of the resin on x-axis since the impregnation is shorter on y-axis. Thus, ellipticity of un-impregnation region becomes larger during impregnation. Figure 13 compares the analytical and experimental results for resin impregnation. Analytical results are basically in good agreement with the experimental results. It is confirmed that the analysis can approximate resin impregnation behavior once the ellipticity of a fiber yarn which depends on the number of fabrics is decided. However the analysis underestimates and overestimates the impregnation at initial and late stages, respectively. The textile composites have crimped yarns where resin flow in axial direction may occur. In addition, nesting effect made variation in the shape of the yarn cross-sectional shape larger and resultant air trap pressurized in fiber yarn may interrupt the impregnation. These phenomena are not considered and reduce the accuracy of the present analysis. Figure 13 Degree of impregnation as a function of molding time (Experimental results and analytical predictions).
Conclusion
In the present study, resin impregnation behavior in fiber reinforced thermoplastics-based textile composite was investigated. A simple analytical model to predict the resin impregnation was proposed. Textile composites were fabricated with micro-braiding technique under various molding conditions to investigate the impregnation behavior experimentally. The resin impregnation in fiber yarn increased with molding pressure, temperature and time. However significant difference was not seen in the condition in which textiles had quite higher resin impregnation. Cross-sections of fiber yarn in textile composites became elliptical shape, and fiber yarn in 1ply textile composites were flatter than that of 2 and 4 plies composites, which resulted in higher impregnation in 1 ply composites. The analytical predictions of resin impregnation with an elliptical fiber yarn model are in good agreement with experimental results as a whole. For further improvement in accuracy, the factors which include resin flow in the axial direction and air trap in the yarn should be taken into account.
